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ABSTRACT  OP  OBJECTIVES  AND  ACCOMPLISHMENTS: 


Investigations  have  involved  solutions  of  the  rodlike  chain 
poly(l,4-phenylene-2,6-benzobisthiazole),  PBT,  and  related  copolymers 
containing  a  small  fraction  of  the  phenylene  replaced  by  bipyridyl  ether. 
Studies  include:  1)  The  kinetics  of  polymerization  of  PBT  in  the  nematic 

phase;  2)  The  supramolecular  structure  of  PBT  in  solution;  3)  The  phase 
equilibria  of  blends  of  PBT  and  nylon  in  solution;  4)  The  rheological  properties 
of  blends  of  PBT  and  nylon  in  solution;  and  5)  The  properties  of  fully  aligned 
monodomains  if  nematic  solutions  of  PBT. 

The  polymerization  kinetics  of  PBT  did  not  show  any  change  in  rate  at 
the  isotropic  to  an  anisotropic  phase  transition  for  the  solutions  studied.  At 
higher  conversions  (above  90%),  the  polymerization  rate  constant  decreases 
markedly.  This  is  attributed  to  effects  on  the  diffusion  of  the  chains  along 
their  axes,  and  comparisons  are  made  to  available  theoretical  models. 

Static  and  dynamic  light  scattering  and  viscometric  studies  on  solutions 
of  a  PBT  copolymer  show  that  its  conformation  is  controlled  by  intromolecular 
electrostatic  interactions.  These  cause  the  chain  to  expand  with  decreasing 
ionic  strength  of  the  solvent,  but  do  not  lead  to  a  rodlike  conformation  for 
the  PBT  copolymer,  even  at  the  lowest  ionic  strength  encountered  (10~3  mol/1) 
in  this  work.  In  some  solvents  PBT  or  its  copolymer  tend  to  aggregate.  ThiB 
can  lead  to  a  thermochromic  effect  accompanied  by  enhanced  intermolecular 
order  if  the  solvent  becomes  thermodynamically  poorer  with  change  in 
temperature.  Such  behavior,  which  can  be  understood  on  the  basis  of 
theroetical  work  by  Flory  and  coworkers,  could  have  undersirable  effects  in 
solution  processing. 

The  rheological  properties  of  isotropic  blends  of  rodlike  PBT  and  flexible 
chain  nylon  show  some  dramatic  effects,  including  a  higher  viscosity  for  the 
blend  than  iB  observed  for  either  component.  This  behavior  is  understood  in 
terms  of  constraints  on  the  diffusion  of  the  rodlike  chains  caused  by  the 
flexible  chains.  The  effect  occurs  only  if  the  reptational  diffusion  of  the 
latter  is  slow  enough  to  make  its  time  constant  at  least  as  long  as  that  for 
diffusion  of  the  rod  along  its  contour.  Otherwise,  the  presence  of  the  flexible 
chains  merely  alters  the  local  mobility,  such  that  the  viscosity  for  the  blend 
may  be  represented  by  the  expression  for  the  viscosity  of  an  isotropic  rodlike 
solution,  with  the  Bolvent  viscosity  in  the  latter  replaced  by  the  viscosity  of 
the  flexible  chain  solution. 

Fully  aligned  (monodomains)  samples  of  nematic  PBT  solutions  have  been 
prepared  and  used  in  static  and  dynamic  light  scattering  experiments  to  study 
the  Frank  elastic  constants  and  the  Leslie-Ericksen  viscosities  of  nematic  PBT 
solutions.  The  effects  of  magnetic  folds  and  shear  deformations  on  the 
director  alignment  has  also  been  studied  with  the  mondomain  samples.  It  has 
been  found  that  shear  flow  is  stable  only  if  initiated  from  an  aligned  state 
with  the  director  in  the  flow  direction.  Flow  instabilities  develop  otherwise, 
explaining  some  of  the  features  previously  observed  in  the  shear  flow  of 
nematic  solutions  of  PBT. 
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1.  INTRODUCTION 


Work  supported  by  contract  F49620-85-C- 1040  for  the  period  1  September 
1985  to  31  August  1988  has  been  in  several  areas: 

1.  Kinetics  of  polymerization  of  PBT  in  the  nematic  phase 

2.  Studies  of  supramolecular  structure  in  PBT  solutions 

3.  Phase  equilibria  of  blends  of  PBT  and  nylon  in  solution 

4.  Rheological  studies  on  blends  of  PBT  in  nylon 

5.  Studies  on  monodomains  of  nematic  solutions  PBT 

Here  PBT  refers  to  poiy  ( l,4-phenylene-2,6-benzobisthiazole),  trans  isomer. 
These  areas  are  discussed  in  turn  in  the  following. 

2.  DESCRIPTION  OF  RESEARCH  RESULTS 

2.1  KINETICS  OF  PBT  POLYMERIZATION 

The  Ph.D.  thesis  of  Cynthia  Spencer  on  the  polymerization  of  PBT  in  the 
nematic  phase  was  completed  and  accepted  in  October  198”.  (See  Section  3.1) 
This  work  has  been  presented  at  a  meeting  of  the  American  Chemical  Society 
(See  Section  4),  but  not  yet  submitted  for  journal  publication.  In  this  study 
the  change  of  the  intrinsic  viscosity  and  the  molecular  weight  averages  (Mw 
and  Mn)  were  followed  as  functions  of  the  polymerization  time  for  a  solution  in 
the  nematic  phase.  Molecular  weights  were  determined  by  size  exclusion 
chromatography  (SEC).  Typical  results  are  displayed  in  Fig.  1.  The 
polymerization  followed  second-order  kinetics  for  conversions  up  to  about  97%. 
The  transition  from  the  isotropic  to  the  nematic  phase  was  not  marked  by  any 
change  in  the  rate  constant,  showing  that  the  reactions  studied  were  not 
diffusion  controlled  .at  that  stage.  The  results  for  one  polymerization  are 
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shown  in  Fig.  2-  By  contrast,  with  monomer  concentration  low  enough  that  the 
solution  does  not  become  nematic,  the  reaction  becomes  diffusion  limited  owing 
to  the  reduction  in  the  rotational  diffusion  constant  DR  and  the  nearly  random 
orientation  of  the  rods.  [1]  With  increased  monomer  concentration,  DR  is  still 
relatively  high  when  the  solution  forms  a  nematic  phase,  preventing  diffusion 
control  of  the  reaction.  The  alignment  in  the  nematic  phase  makes  further 
reactions  dependent  on  the  transLational  diffusion  along  the  rod  axis  (diffusion 
constant  DT)ll).  Since  Dr,u  does  not  decrease  as  rapidly  as  DH  with 
increasing  chain  length,  the  reaction  remains  free  of  diffusion  limitations,  at 
least  until  the  conversion  is  high.  The  decrease  in  the  rate  constant  for 
conversions  in  excess  of  97%  may  reflect  the  effects  of  phase  separation  or 
intermolecular  association. 

2.2  STUDIES  OF  SUPRAMOLECULAR  STRUCTURE  IN  PBT  SOLUTIONS 

The  Ph.D.  Thesis  of  Carolyn  Wei  on  light  scattering  studies  on  rodlike 
and  multipli-broken  rodlike  PBT  polymers  was  completed  and  accepted  in 
November  1986.  (See  Section  3.1)  The  work  encompasses  investigations  on 
solutions  in  methane  sulfonic  acid  (MSA),  chlorosulfonic  acid  (CSA),  and 
phosphoric  acids.  The  results  in  the  former  two  are  discussed  in  terms  of  the 
effects  of  electrostatic  interactions  on  chain  dimensions,  with  these  effects 
being  particularly  noted  for  solution  in  CSA  owing  to  the  low  ionic  strength  of 
the  latter.  One  part  of  this  study  has  been  prepared  for  journal  publication, 
and  will  be  submitted  shortly.  Studies  on  dilute  solutions  in  phosphoric  acids 
revealed  that  under  suitable  .nditions  these  solutions  exhibit  enhanced 
orientational  interchain  order. 

The  data  obtained  on  dilute  solutions  of  a  multipli-broken  rodlike  PBT 
copolymer  included  data  on  'he  intrinsic  viscosity  [tj],  the  light  scattering 


and  mean 


averaged  second  virial  coefficient,  A2)LS,  hydrodynamic  radius  RH)LS, 
square  radius  of  gyration  R^,lS  anc*  rat-10  °f  the  depolarized  and  polarized 

Rayleigh  ratios,  Rhv/^vv  The  'tatt-er  Pr°ved  to  be  negligibly  small  in  solutions 
in  CSA,  MSA  and  100%  H3PO*,  showing  that  the  copolymer  did  not  adopt  a 
rodlike  conformation  in  dilute  solution  in  these  solvents.  However,  values  of 
the  molecular  parameters  varied  among  the  solvents,  and  varied  with 
concentration  for  solutions  in  CSA  and  MSA.  Using  relations  summarized  in 
the  Appendix,  these  results  are  interpreted  in  terms  of  the  electrostatic 
interactions  among  the  changed  copolymers  causing  contributions  to  the 
persistence  length  p  and  the  excluded  volume  parameter  B  that  increase  with 
decreasing  ionic  strength  of  the  solution.  These  effects  are  suppressed  for 
solutions  in  100%  H3P04  owing  to  the  high  ionic  strength  of  the  latter. 

Unfortunately,  intermolecular  association  occurs  in  the  latter  system  except  for 
very  low  polymer  concentration.  The  results  explain  some  of  the  heretofore 
puzzling  observations  made  on  dilute  solutions  of  PBT  or  similar  polymers. 

Rather  different  behavior  was  observed  with  solutions  of  the  copolymer 
in  87%  HjPO*.  In  particular,  a  thermochronic  effect  was  observed  with 
increasing  temperature,  along  with  a  simultaneous  increase  in  RHv,  RVv  anc*  the 
ratio  R„v/»vv  at  all  scattering  angles,  see  Figures  2  and  3.  The  effects 
culminate  in  physical  phase  separation  Lf  the  polymer  if  the  temperature  is 
high  enough.  By  contrast,  RH)L$  observed  to  decrease  slightly  with 

increasing  T.  The  results  also  reveal  molecular  association  in  87%  H3P04,  even 
at  low  concentrations.  The  observed  behavior  is  rationalized  on  the  basis  of 
theoretical  treatments  given  by  Flory  and  coworkers  [2].  In  these  theories  a 
wide  biphasic  gap  can  develop  inder  poor  solvent  conditions,  with  an  ordered 
concentrated  phase  in  equilibrium  with  a  disordered,  dilute  phase.  The 
disordered  supramolecular  aggregates  represent  microdoraains  high  enough  in 
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polymer  concentration  to  form  such  an  ordered  phase  under  poor  solvent 
conditions  (Aa  =  0).  For  example,  with  solutions  in  87X  H3P04,  is  small  at 
25*C,  and  the  ordered  phase  may  be  reversibly  formed  by  increased 
temperature  and  destroyed  by  decreased  temperature  [2]  The  ordered  phase 
may  also  be  formed  by  the  addition  of  salt  [4]  or  water  [3]  to  solutions  in 
other  protic  acid  solvents.  Effects  of  this  kind  may  have  profound  effects  on 
the  processing  of  concentrated  solutions  of  rodlike  chains  or  their  copolymers. 

The  slow  addition  of  water  to  a  r.ematic  phase  of  PBT  in  solution  in 
methane  sulfonic  acid  has  also  been  observed  to  cause  effects  similarly  related 
to  the  thermodynamic  behavior  predicted  by  Flory  and  coworkers  [2].  With 
very  slow  water  uptake  (from  the  vapor),  a  nematic  phase  was  observed  to 
become  isotropic  [3].  Depolarized  light  scattering  studies  revealed 

supramolecular  structures,  with  the  rodlike  molecules  aggregated  with  their 
axes  nearly  parallel.  The  effect  of  such  aggregation  was  to  reduce  the 
number  of  independent  rodlike  entities  below  the  level  required  to  sustain  an 
ordered  state,  with  consequent  transition  to  a  disordered  phase.  With 
increased  water  uptake  the  thermodynamic  condition  became  poor  enough  to 
force  the  system  into  the  wide-biphasic  gap  described  above,  such  that  a  very 
turbid  nematic  phase  was  formed.  This  could  be  reversibly  transformed  to  an 
isotropic  phase  by  increased  temperature.  We  postulate  that  aspects  of  this 
sort  of  phase  transformation  are  important  in  the  coagulation  step  in  the 
solution  processing  of  PBT  solutions.  The  turbidity  mentioned  above  reflects 
the  formation  of  an  ordered,  concentrated  phase,  perhaps  by  a  spinodal 
decomposition.  Such  a  tendency  in  the  coagulation  step  would  lead  to  a 
fibrillar  structure  early  in  the  •'oagulation.  The  much  reduced  mobility  of  the 
rods  in  such  a  state  would  promote  retention  of  such  a  structure  in  the  final 
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form,  giving  a  multitude  of  structural  defects  and  a  fibrillar  microstructure  in 
the  solid  state,  as  has  been  repeatedly  observed. 

2.3  PHASE  EQUILIBRIA  OF  BLENDS 

Blends  .f  PBT  and  nylon  in  solution  in  methane  sulfonic  acid  (MSA)  wer^ 
selected  as  a  model  system  for  solutions  to  be  used  in  the  preparation  of 
molecular  composites.  The  system  has  b^en  studied  previously,  principally 
with  respect  to  its  use  in  the  formation  of  films  [6].  A  single  phase  of  the 
three  component  solutions  is  an  essential  requirement  in  the  preparation  of  a 
molecular  composite.  Accordingly,  ternary  phase  diagrams  were  examined  for 
mixtures  of  a  nylon  and  different  PBT  samples.  The  observations  made  for 
one  of  these  is  shown  in  Fig.  3.  The  solid  lines  in  Fig.  5  were  constructed 
with  a  theory  of  Flory  and  coworkers  [4].  The  chain  length  xR  of  the  rods 
was  chosen  to  force  agreement  with  the  equilibria  observed  for  the  PBT-MSA 
solutions,  and  that  xf  of  the  flexible  chain  was  selected  to  mimic  the  onset  of 
nematic  phase  formation  in  the  ternary  mixtures.  One  substantial  surprise 
refers  to  compositons  630  and  720,  both  of  which  were  observed  to  be 
isotropic  in  a  range  of  compositons  where  a  nematic  phase  was  expected.  This 
behavior  is  believed  to  reflect  the  formation  of  molecular  aggregates  of  PBT, 
with  the  chain  axes  in  parallel  array.  The  formation  of  such  aggregates 
reduces  the  number  of  effective  (independent)  particles,  and  can  cause  a 
nematic  to  isotropic  phase  transition  as  discussed  in  the  preceding  section  [5]. 
Such  aggregation  could  have  a  deleterious  effect  on  the  mechanical  properties 
a  molecular  composite  processed  from  the  solution.  This  deterioration  in 
properties  is  attributed  to  a  suppressed  number  density  of  independent 
particles,  as  well  as  possible  decrease  in  the  length  to  diameter  ratio  of  the 
existing  particles  (see  below). 
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Measurements  of  the  depolarized  Rayleigh  ratio  RHV(q)  on  several 
compositions  well  into  the  isotropic  phase  regime  give  RHv(q)/c  (for  q  z  0.005 
nm'1)  that  is  similar  to  Rhv(0)/c  for  the  isotropic  solutions,  suggesting  the 
absence  of  significant  aggregation  in  3uch  cases. 

The  work  described  above  comprises  part  of  the  Ph.D.  research  of  C.  Kim 
accepted  for  publication  ,n  August,  1988. 

2.4  RHEOLOGY  OF  PBT/NYLCN  BLENDS 

Rheological  data  have  been  obtained  an  compositions  in  the  single  phase 
region  of  the  phase  diagram.  These  measurements  include  the  linear  creep 
compliance  Jg(t),  the  linear  recoverable  compliance  Rg(t),  and  the  viscosity  t)k, 
recoverable  compliance  Rc  and  flow  birefringence  following  steady-state  flow. 
The  limiting  values  of  t*  and  Rc  at  small  *  are  the  linear  viscosity  tj0  and 
recoverable  compliance  R0,  respectively.  In  all  cases  R 0 ( t )  is  used  to  compute 
the  retardation  times  X,  and  weights  r,  defined  by  the  expression  [7] 

Rq  ( t )  =  Rg  -  Rg-Rgi^r,  exp ,  - 1 ,  X  ,  11; 

where  Rg  is  the  "instantaneous"  value  of  R0(t).  To  first  order,  the 

distribution  of  the  normalized  retardation  times  Xi/-C  are  those  of  the  PBT 
solution  without  nylon,  where  -c  -  tj0R0,  (Of  course,  as  discussed  below,  r0 
depends  markedly  on  the  composition,  so  the  unnormalized  \  do  depend 
markedly  on  the  composition).  The  relative  invariance  of  the  Xt/-r 
distribution  with  composition  for  a  given  PBT  sample  is  attributed  to  the 
enormous  separation  of  the  '  for  PBT  solutions  as  compared  with  the  much 
smaller  X,  for  the  nylon  solutions  ised.  With  use  of  the  convolution  integral 
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J*  dsG  Qvs)Jgtt~s-t,  2 ' 

o 

the  r,:t,  distributions  have  been  converted  by  means  given  elsewhere  [3]  ‘.o 
distributions  of  relaxation  times  - ,  obtaining  in  the  linear  shear  modulus  30(ti: 

G  0  '■  t  ‘  -  G0  Z  g,  exp  -  t  2 

It  is  found  that  the  data  on  and  Rc  may  be  represented  by  use  of  a 

smgle-integral  constitutive  equation  used  previously  to  represent  the  behavior 
of  FBT  solutions  [9,10], 

»  t 

t'  -  90  Z  g,-,j  ds'iy't.s  F;4r' t ,  s'  >xpf  -s/  t,  4' 

3 

where  ir(t,s)  =  r(t)  -  7(1  -  s)  with  y  the  strain,  and  F(iy)  is  a  (nearly) 

universal  function  of  the  relative  strain;  m  =  1  for  the  shear  stress  and  m  =  2 
for  the  normal  stress.  The  nonlinear  behavior  rests  in  the  function  Fdy). 
Although  small  differences  in  the  r,  A,  (or  g(:-,)  distributions  for  different 
compositions  show  up  in  the  dependence  of  Vk/vq  and  R,;/R0  on  shear  rate  for 
^oRgc  >  50,  see  Figs.  6  and  7,  the  dependence  of  nK-/vo  and  Rc/R0  on  t)0R0<  1S 
similar  enough  that  the  behavior  of  the  isotropic  ternary  compositions  can  be 
taken  as  that  of  the  nylon  free  PBT  solution  if  q0  and  R0  are  known  for  the 
ternary  system. 

For  solutions  of  PBT,  *■  •>  s  well  fitted  [10]  by  the  theoretical  relation  'll] 

To  =  vsK  VAJ  M  o  1  ”  ’  f '  c '  5a 


C  f 

k  . 


1  “  BC/  CN  r 
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where  c  19  the  polymer  concentration,  \lL  =  M/L,  is  the  solvent  viscosity, 

K  and  B  are  constants  nearly  equal  to  unity,  and  cNI  is  the  concentration 
required  to  form  a  nematic  phase  with  a  chain  of  length  L.  For  most  of  the 
compositions  studied  here,  the  concentation  cR  of  the  PBT  is  small  enough  ‘.hat 
in  the  absence  of  the  nylon,  Vq  is  given  by  Eqn.  (5a)  with  f(c)  2  1,  i.e.,  - 

M[rj](cL! In  all  cases,  the  viscosity  rjf  of  the  PBT-free  nylon  solution  at  the 
concentration  Cp  used  in  the  ternary  mixtures  is  much  smaller  than  viscosity 
of  the  nylon-free  PBT  solution  of  concentration  cR  used  --  for  the  range  of  o - 
studied,  Vf  *  cf  for  the  nylon  solutions.  Consequently,  one  might  expect  to 
find  v o  for  the  mixture  given  by  Eqn.  5  with  *)$  replaced  by  the  viscosity  n F 
of  the  nylon  solution  with  concentration  cF.  Such  an  approximation  does  not 
fit  observed  for  ternary  blends  of  PBT  and  nylon  used  to  obtain  the  data 
in  Fig.  8.  As  shown  in  Fig.  8,  nQ  for  the  blend  may  exceed  Vq  for  the 
nylon-free  solution  at  the  same  cR  by  a  large  factor.  Although  no  theoretical 
treatment  is  available,  we  postulate  that  the  effect  on  Vo  >s  related  to  the 
function  f(c)  in  Eqn.  5.  This  function  takes  account  of  the  restriction  to 
translation  of  the  rod  parallel  to  its  long  axis  caused  by  collisions  with  other 
rods.  This  provides  a  constraint  release  mechanism  that  becomes  increasing 
important  as  c  approaches  cNI  [11].  In  a  blend,  collisions  with  the  flexible 
chains  may  play  a  similar  role.  If  the  translation  of  a  flexible  cnain 

orthrognal  to  its  curvilinear  contour  is  slow  enough  in  the  ternary  blend, 
might  be  given  by  Eqn.  5  calculated  with  c  =  cR  and  f(c)  calculated  from  Eqn. 
5b  using  the  total  polymer  -oncentration  cR  +  op  for  c.  The  relevant 
parameters  would  be  the  time  constants  and  Tf  for  diffusion  of  the  rod  and 
flexible  chains  along  their  :ontours,  respectively.  As  seen  in  Table  1,  the 
calculated  ratio  tr/tf  is  not  much  larger  than  unity  for  samples  P-53/Z-4i. 
used  to  obtain  the  data  in  Figs.  6-8.  Here, 
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-  -  on  c  r  r 

■  R  -  8uil  -  t  Lp 

T*°  =  Z^L*3  kT  ln.'Lp/d) 

-F  =  40t)sR(-3  ’LfCf  cpf;j  3 

with  Cr*/E  equal  to  the  concentration  for  which  the  rotational  diffusion 
becomes  vanishingly  small,  LR  and  LF  the  contour  lengths  of  the  rodlike  and 
flexible  chains,  respectively,  RG  the  root-mean  square  radius  of  gyration  if  the 
flexible  chain,  pF  the  density  of  the  latter,  and  a  the  contour  length  of  the 
flexible  chain  between  its  entanglement  constraints  (including  those  imposed 
by  the  rodlike  chains). 

In  some  cases  studied,  it  appears  that  the  viscosity  is  given  by  Eqn.  5 
with  f ( c )  closer  to  unity  than  for  the  examples  shown  in  Fig.  8,  even  though 
the  composition  is  similar  to  those  shown  in  Fig.  8.  As  seen  in  Table  1  for 
sample  P-28/Z-42,  this  behavior  corresponds  to  cases  with  much  larger  7~r/tf  • 
In  such  cases,  the  simple  approximation  mentioned  above,  with  merely 

replaced  by  the  viscosity  of  the  flexible  chain  solution  provides  a  good 
representation  of  tj0.  In  these  cases,  the  flexible  chain  moves  rapidly  enough 
that  it  does  not  provide  a  geometric  constraint  to  the  diffusion  of  the  rodlike 
chains.  Rather,  the  presence  of  the  flexible  chains  merely  alters  the  local 
mobility.  Depolarized  light  scattering  studies  are  in  progress  to  assess  this 
postulate. 

The  rheological  studies  described  in  the  preceding  comprises  part  of  the 
Ph.D.  research  of  C.  Kim,  accepted  in  August  1988. 
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2.5  MONO  DOMAIN'S  OF  NEMATIC  SOLUTIONS  OF  PBT 

As  discussed  in  references  5  and  12,  methods  have  been  developed  to 
prepare  monodomains  of  nematic  PBT  solutions.  Elastic  and  quasielastic  light 
scattering  have  been  used  to  evaluate  the  Frank  elastic  constants  and  the 
viscosities  for  splay,  bend  and  twist  distortions  of  the  director  field  [12].  In 
this  work  we  have  examined  the  effects  fo  magnetic  fields  on  the  director  field 
using  monodomains  of  nematic  PBT  or  isotropic  PBT  solutions  with  c  near  cs:. 
[13]  In  principle,  as  discussed  below  orientation  in  a  magnetic  field  might 
find  use  in  the  preparation  of  certain  molecular  composites.  Molecular 
orientation  is  observed  with  isotropic  solutions  of  PBT,  with  the  behavior 
giving  a  positive  diamagentic  susceptibility  anisotropy  A*,  where  A*  =  <(  -  x± 
with  xh  and  xx  the  susceptibility  parallel  and  perpendicular  to  the  chain  axis, 
respectively.  With  nematic  solutions,  the  elastic  contraints  (i.e.,  as  reflected 
in  the  Frank  elastic  constants)  imposed  by  the  nematic  organization,  including 
the  effects  of  any  adsorbed  layer,  may  result  in  a  complex  director  field  n(r) 
as  the  rodlike  chains  adjust  in  the  external  field  —  such  flow  behavior  has 
been  observed  with  nematic  solutions  of  PBT  [13].  Nevertheless,  it  has  been 
possible  to  achieve  uniform,  essentially  defect  free  alignment  in  an  external 
magnetic  field.  Most  of  this  work  has  been  carried  out  with  a  field  strength 
of  4.7T,  although  a  14. 7T  field  is  available  and  has  been  used  in  some  cases. 

The  ability  to  obtain  aligned  samples  has  provided  the  opportunity  to 
examine  flow  behavior  as  a  function  of  the  orientation  of  the  rodlike  chains. 
Results  to  date  show  that  slow  flow  is  stable  provided  the  axes  of  rodlike 
chains  are  initially  aligned  parallel  to  the  flow  directions.  With  other  initial 
alignments  (including  that  with  the  chains  orthogonal  to  the  flow  direction  and 
parallel  to  the  shearing  surface)  instabilities  develop  at  small  strain,  leading 
to  a  turbid  solution  in  'steady-state''  flow.  This  behavior  explains  the  origin 
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of  the  results  observed  previously  on  flow  if  unaligned  nematic  solutions  of 
PBT.  It  suggests  that  it  may  be  difficult  or  impossible  to  obtain  well  oriented 
films  by  processing  such  solutions  in  simple  shear. 


3.  PUBLICATIONS 
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are  listed. 
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1.  Studies  on  Dilute  Solutions  of  Rodlike  Macroions.  III.  Integrated 
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Association,  Y.  Einaga  and  G.  C.  Berry,  in  Micordomains  in  Polymer 
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5.  Studies  on  Dilute  Solutions  of  Rodlike  Macroions.  4.  Aggregation 

with  Enhanced  Orientatinal  Correlation,  R.  Furukawa  and  G.  C.  Berry, 
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6.  Rheological  and  Rheo-Optical  Properties  of  Solutions  of  Rodlike 
Polymers.  G.  C.  Berry,  Polym.  Water.  Sci.  Eng.,  52,  82  '1985'. 

7.  Light  Scattering  Studies  of  Orientational  Order  in  Supramolecular 
Aggregates  of  Rodlike  and  Mul t lpl i-Broken  Rodlike  Molecules,  G.  C. 
Berry,  C.  C.  Wei  and  R.  Furukawa,  Polym.  Preprints,  Am.  OLrm.  Soc., 
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8.  Rheological  and  Rheo-Optical  Studies  with  Nematogenic  Solutions  of  a 
Rodlike  Polymer:  A  Review  of  Data  on  Polyphenylene  benzob lsthia- 
zole',  G.  C.  Berry,  in  Institute  for  Mathematics  and  its  Applica¬ 
tions,  V’ol.  5,  Theory  K  Applications  of  Liquid  Crystals,  Ed.  By  J.  L. 
Encksen  and  D.  Kinderleher,  Spr ingwer-Ver lag,  N’ew  York  (1987),  p.  1. 

9.  Nematic  Solutions  of  Rodlike  Polymers.  1.  Light  Scattering  from 
Nematic  Solutions  with  Complex  Testure;  and  Phase  Separation  in  Poor 
Solvents.  Kazunon  Se  and  G.  C.  Berry,  in  Reversible  Polymer  Gels 
and  Related  Systems,  Ed.  by  P.  S.  Russo,  Am.  Chem.  Soc.  Symposium 
Series  (1987),  p.  129. 

10.  Frank  Elastic  Constants  and  Les 1 ie-Er icksen  Viscosity  Coefficients  of 
Nematic  Solution  of  a  Rodlike  Polymer,  Kazunori  Se  and  G.  C.  Berry, 
Mol.  Cryst.  Liq.  Crystal  153,  133  H987' 

11.  Rheological,  Rheo-optical  and  Light  Scattering  Studies  on  Nematic 
Solutions  of  Poly ' 1 , 4-phenylene-2 , 6-benzob isthiazole ) ,  G.  C.  Berry, 
Kazunori  Se,  and  Mohan  Srinivasaro,  in  High  Wodulus  Polymers,  Ed.  by 
A.  E.  Zachariades  and  R.  S.  Porter,  Marcel  Dekker,  New  York  1988), 
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12.  Rheological  Studies  on  Blends  of  Rodlike  and  Flexible  Chain  Polymers, 

C.  S.  Kim,  V.  S.  Sullivan,  and  G.  C.  Berry,  Confr.  Proceed,  46th. 
Tech.  Confr.,  Soc.  Plastics  Engineers  34,  990  1988). 

13.  Rheological  Properties  of  Nematic  Solutions  of  Rodlike  Polymers, 

G.  C.  Berry,  Mol.  Cryst.  Liq.  Cryst.,  165 ,  273  1988). 

14.  Studies  on  Aligned  Nematic  Solutions  of  a  Rodlike  Polymer, 

G.  C.  Berry  and  M.  ~t  .  i . .asarao,  Abstracts,  Int’l.  Symp.  on 
Dynamics  of  Macromo'.~  ,les  by  Electic  and  Optical  Methods,  Tokyo 
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15.  Properties  of  Solut.  .ns  of  Rodlike  Chains  From  Dilute  Solutions  to 
the  Nematic  State,  G.  ",  Berry,  Proceedings,  Materials  Research 
Society,  Boston,  November  1988. 
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16.  Molecular  Composites  Formed  by  Solutions  of  a  Rodlike  Polymer  ,'PBT' 
in  Polyphosphonic  Acid,  A.  P-  Char let  and  G.  C.  Berry,  Polymer , 

in  press. 

17.  Studies  on  Dilute  Solutions  of  Rodlike  Macroions.  5.  Electrostatic 
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4.  OTHER  ACTIVITIES 
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2.  "Studies  on  Aligned  Nematic  Solutions  of  a  Rodlike  Polymer",  Lecture, 
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3.  "Physical  Chemical  Studies  on  Solutions  of  Rodlike  Polymers", 
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10  November  1988. 

4.  "Properties  of  Rodlike  Chains  from  Dilute  Solutions  to  the  Nematic 
State"  (Invited  Lecture),  Symp.  on  the  Materials  Science  and 
Engineering  of  Rigid-Rod  Polymers,  Am.  Chem.  Soc. ,  Boston,  MA,  28-30 
November  1988. 

5.  "Viscoelastic  Studies  on  Monodomain  Nematic  Solutions  of  Rodlike 
Polymers",  Polymer  Science  and  Engineering  Colloquium,  Univ.  of 
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6.  "Kinetics  of  Polymerization  of  a  Rodlike  Polymer  PBT)  in  Nematic  and 
Isotropic  Solutions",  Symp.  on  Recent  Advances  in  Polymer  Synthesis, 
Characterization  and  Properties,  Am.  Chem.  Soc.,  North  Carolina  State 
University,  8-9  September  1988. 

7.  "Studies  on  Aligned  Nematic  Solutions  of  a  Rodlike  Polymer",  Int’l. 
Symp.  on  Dynamics  of  Macromolecules  by  Electric  and  Optical  Methods, 
Tokyo,  8-10  August  1988. 

8.  "Blends  of  Rodlike  and  Flexible  Chains:  Phase  Equilibria  and 
Rheology  of  Isotropic  Compositions”,  Gordon  Conference  on  Polymer 
Physics,  18-22  July  1988,  Andover,  NH. 
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10.  "Rheology  of  Flexible-Coil  and  Rodlike  Polymer  Chains",  Invited 
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11.  "Rheological  Studies  on  Blends  of  Rodlike  and  Flexible  Cham 
Polymers",  Annual  Technical  Conference  Society  of  Plastics  Engineers, 
18-21  April  1988,  Atlanta,  GA. 

12.  "Rheological  Properties  of  Nematic  Solutions  of  Rodlike  Polymers", 
University  of  Osaka,  June  198”. 

13.  "Frank  Elastic  Constants  and  Lesl ie-Er lcksen  Viscosity  Coefficients 
of  Nematic  Solutions  of  a  Rodlike  Polymer",  Kyoto  University,  June 
1987. 

14.  "Frank  Elastic  Constants  and  Les 1 ie-Ericksen  Viscosity  Coefficients 
of  Nematic  Solutions  of  a  Rodlike  Polymer,  Int’l.  Conf.  on  Liquid 
Crystal  Polymers,  June  1987,  Bordeaux,  France. 
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APPENDIX 


The 

following  is  a 

summary  of 

the 

relations  used  to  analyze  dilute 

solution 

parameters  using 

the  char 

ged 

wormlike  chain  model 

for  a 

polyelectrolyte  [14-19]. 

In 

general, 

the 

parameters  of  interest 

may  be 

expressed 

in  the  form  [20- 

•22] 

[v]  r 

II 

p 

3 

V — J 

~N’a 

l  WvMGJ,RH,y  X, 

15' 

RH ,  L  S  ‘ 

% 

l  w,  M,„  ,RH 

1  ' 

'  l 

16 

rg?ls  "  Mw-‘  I  w,.M..Rc^  (17) 


where  w is  the  weight  fraction  of  species  having  molecular  weight  Mu. 
Expressions  used  for  RC)i,,  RH,y  and  K„  for  a  wormlike  chain  in  the  absence  of 
excluded  volume  (i.e.,  Aa  =  0)  are  given  in  the  form  [17] 


LyP/3  'SC  L._, /p ) 


( 18) 


rh  ,  y  =  (L1//2)H(Lv/p,d/p) 


19', 


Kv  =  K( Lu/p , d/p ) 


10' 


where  L„  =  MV/ML,  with  ML  the  mass  per  unit  length.  Approximate  expressions 
for  S  and  K  are  given  elsewhere  [4]: 


H'y,x‘  =  ''  27y  7 1 6  -  ln23x/2}"l/a 


op  > 


15 


i  -  [i  '6'  a 


tanh  r0.251n  y  cr'x)  '340]' 


1 23  *i 


Here,  <z;x)  s  exp(5.92  Tx'  ,  and  the  expression  for  K  is  limited  to  L/p  • '>  1. 

To  account  for  excluded  volume  effects,  S  and  the  term  27y/16  are  multiplied 
and  divided  by  «L3y,  respectively,  where  aL(y  's  fhe  expansion  factor  for  the 
chain  dimension,  given  for  small  A2  by  [19] 


Here,  zy  =  A(p/Ly)zy,  with 

z,.  -  3.  2p'  I.,.  '2p' l',J  (25) 

and  A  a  function  that  is  zero  for  small  Ly/p  (rodlike  limit)  and  unity  for  large 
Lu/p  (coil-like  limit).  To  a  reasonable  approximation,  A(2x)  ~  (1  +  x‘/3)(l  + 
x1/3)-1  exp(-3.46x3)  [23].  Since  Eqn.  (24)  is  limited  to  small  z,  but  has  the 
same  form  as  the  expansion  for  aL  in  z  for  a  flexible  coil,  closed  forms  for  the 
latter  are  used  to  estimate  for  zv  too  large  to  use  the  linear  expansion.  In 
calculations  reported  here,  the  relation  [24] 

aL3y  =  [1  +  7 . 524zy  -  1 1 . 06zy 3 ] 0 • 1 7 7 3  (26) 

was  used.  As  discussed  in  the  text,  p  and  B  were  taken  as  the  sums  pn  +  Pe 
and  B*  +  B#,  respectively.  In  the  range  of  ionic  strengths  of  interest  B  3 
B#.  Relations  to  estimate  Ba  and  p,  are  discussed  in  the  text.  For  the 
calculations  discussed  in  the  text,  a  Zimm-Shultz  distribution  of  chain  lengths 
is  assumed,  so  that  (e.g.,  see  reference  [21]) 
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TABLE  1 


Values  of  IO-rL^2  "  a  and  estimated  reptation  f  i  mes  f-r  —  •»<  h 
component  to  move  along  its  own  contour  length. 


SYSTEM 

SOL.  » 

10  run 

~f  sec 

sec 

sec 

*9  '  ' 

P-28  2-42 

80/20 

j  5 

0  00  10 
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0.02 

o 

o 

70/30 

o  - 

0  001“ 

3.1 

;9 

60/40 
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0.0018 

0.06 

33 
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1 .  1 

0  0027 

0.04 

15 
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!  1 
*.  ■  * 

0.0015 

0.04 

27 

30/70 

1.5 

0.0022 

0.03 

14 

20/80 
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0.0014 

3.03 

21 

P-53/2-42 

320 

1.6 

3.00023 

0.007 

0.005 

30 

330 

3.00041 

17 

340 

0.00062 

11 

3*50 

0.30085 

8 

360 

0.0011 

6 

370 

0.0015 

5 

=  40. -J  '  >,RC5/ «)  ]  (If/ a) 5  'Cf.'pr  5  3  ’’'n7- 

r*°  a  2rr  t,#  l„J  /  k,T  ln(L*/d). 

r„  =  u*  :i  - 


ABSORBANCE 


X(NM) 


Figure  3 


The  electronic  absorption  spectra  of  SP8T4 10-30/PPA  in  87% 
HjPO*  as  func'.ion  of  temperature,  C  *  0.0425  g/dl.  Curve 
1  is  at  25 *C  and  curve  2  is  at  60*C  for  '120  hours. 
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Figure  5  Phase  equilibria  for  solution*  of  PBT  and  nylon  in  methane  sulfonic 

acid.  The  filled  and  unfilled  circles  represent  isotropic  and 
nematic  compositions,  respectively.  The  curves  are  theoretical 
predictions  (21  for  a  mixture  of  a  rod  with  390  segments  and  a 
coii  wnn  9U  segments. 


Typical  flow  curves  for  isotropic  PBT-nylon  mixtures  in  methane 
sulfonic  acid;  0.0175  weight  fraction  PBT  in  all  cases.  Curve  A, 
no  nylon;  curves  B  to  G,  nylon  increasing  to  0.017  weight  fraction 

Curve  -  represent  curve  A  in  all  cases;  6  and  <j)  denote  347  and 

301' K,  respectively 


Figure  8  Viscos  ity  data  for  blends  of  PBT  and  nylon  (T  -  297*K'.  Filled  or 
partly  filled  symbols  are  for  nylon  free  PBT  solutions;  c*  is  the 
rodlike  cbain  concentration  in  blends. 


